
ABSTRACT: A process based, distributed runoff erosion model
(KINEROS2) was used to examine problems of parameter identifi-
cation of sediment entrainment equations for small watersheds.
Two multipliers were used to reflect the distributed nature of the
sediment entrainment parameters: one multiplier for a raindrop
induced entrainment parameter, and one multiplier for a flow
induced entrainment parameter. The study was conducted in three
parts. First, parameter identification was studied for simulated
error free data sets where the parameter values were known. Sec-
ond, the number of data points in the simulated sedigraphs was
reduced to reflect the effect of temporal sampling frequency on
parameter identification. Finally, event data from a small range-
land watershed were used to examine parameter identifiability
when the parameter values are unknown.  Results demonstrated
that whereas unique multiplier values can be obtained for simulat-
ed error free data, unique parameter values could not be obtained
for some event data. Unique multiplier values for raindrop induced
entrainment and flow induced entrainment were found for events
with greater than a two-year return period (~25 mm) that also had
at least 10 mm of rain in ten minutes. It was also found that the
three-minute sampling frequency used for the sediment sampler
might be inadequate to identify parameters in some cases.
(KEY TERMS: erosion; sedimentation; surface water hydrology;
watershed modeling; parameter identification; rangeland water-
sheds.)
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INTRODUCTION

In recent years, process based models using hydro-
dynamic principles have successfully been used to
model runoff and sediment yield on small plots 

(Nearing et al., 1989; Lopes and Lane,1990; Wicks et
al., 1992; Laguna and Girardez 1993), and runoff on
small watersheds (Goodrich, 1990; Lopes and Lane
1990). However, there have been few successful appli-
cations of sediment yield models on small watersheds
(Wicks and Bathurst, 1996; Jetten et al., 1999; Smith
et al., 1999).  The hydrodynamic approach to runoff
erosion modeling offers a number of benefits over
more empirical methods. One of the major benefits is
that these models can be used to describe response to
a single event, because they describe the physics of
water movement on a watershed. Another benefit is
the potential to describe where and when erosion and
deposition occur (Nearing et al., 1994). In addition,
process based distributed runoff erosion models have
the potential to describe the movement of sediment
borne contaminants, and the effect of management
practices (Jensen and Mantoglou, 1992) and climate
change (Hawkins et al., 1991) on erosion and sedi-
ment yield.

Typically, the hydrodynamic approach to runoff and
erosion modeling recognizes two distinct sediment
entrainment processes on a hillslope: sediment
entrainment by raindrop impact (sometimes called
rainsplash), and entrainment by flowing water.
Entrainment by flowing water also occurs in rills and
channels. One problem that arises is that it may be
impossible to identify the relative contributions of
these two processes to sediment yield from a small
watershed. This has been a serious problem in deter-
mining optimum parameter values in these types of
models (Blau et al., 1988; Freedman et al., 1998).
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Parameter identification is an automated process
by which model parameters are identified (or calibrat-
ed). It comprises the following three major compo-
nents: (1) an objective function that determines how
well model estimates fit the observed data, (2) a
search algorithm that selects possible parameter val-
ues to compare, and (3) a means to determine if the
selected parameter values are physically realistic.
Researchers have found that for sediment entrain-
ment some search algorithms and objective functions
work better than others (Freedman et al., 1998), and
that some types of sediment entrainment equations
have more identifiable parameters than others
(Freedman et al., 2001). Often, researchers have to
make assumptions about the system’s behavior to find
optimum parameter values successfully. For example,
Nearing et al. (1989) set the ratio of rill to interill
entrainment constant, and found good parameter
identifiability for the predecessor of the WEPP model
(Lane et al., 1987).

Contrary to previous studies, this study uses
observed data from an experimental watershed rather
than from rainfall simulators on small plots. This
study further differs from previous studies in that it
begins with a spatial representation of the watershed
that includes the channel network complexity as
observed in the field. This representation was chosen
in an attempt to minimize the potential effect of pro-
cess scale interaction by using a field identifiable
measure of process scale (i.e., the location on the
watershed where flow entrainment processes are
dominant enough to produce an incision onto the hill-
slope).

Because entrainment by flowing water and rain-
drop impact are scale dependent processes, it was
assumed that identifying parameters might not be
possible unless a watershed representation that
included all the recognizable indicators of scale pro-
cesses observed in the field was used. In addition,
because these two processes have a nonlinear
response to sediment entrainment, it was assumed
that parameter identifiability might be impacted by
the intensity of the runoff event. Furthermore, syn-
thetic data were used to test the effectiveness of the
parameter identification methods for different types
of events. The study also attempted to determine if
the sampling frequency at the study site (every three
minutes once the sampler is triggered) is adequate to
distinguish the relative contributions of sediment
entrainment by raindrop impact and flowing water.
Finally, the technique was shown to result in reason-
able estimates of sediment yield parameters when
used to calibrate event data.

The objective of this study was to determine
whether it is possible to identify the relative contribu-
tions of sediment entrainment by raindrop impact

and by flowing water. In particular, the following
questions were addressed. (1) What kinds of
rainfall/runoff events have the best potential for
determining the relative contributions of sediment
entrainment from raindrop impact and flowing water?
(2) Is the observed frequency of sampling every three
minutes adequate for identifying parameter values?
(3) Based on what is learned about the types of events
that produce identifiable parameters and the neces-
sary sampling frequency, is it possible to estimate
entrainment from raindrop impact and flowing water
that are physically realistic and produce a good fit
between observed and simulated sediment yields?

STUDY AREA

The study was conducted on a 4.4 ha experimental
watershed (Lucky Hills) of the Walnut Gulch Experi-
mental Watershed in southeastern Arizona, which is
operated by the U.S Department of Agriculture-Agri-
cultural Research Service (USDA-ARS) Southwest
Watershed Research Center in Tucson, Arizona.

Vegetation on the watershed is creosote bush and
acacia, which are typical invasive species for degrad-
ed rangeland in the southwestern United States.
Soils on the watershed are mapped as Luckyhills-
McNeal (Ustochreptic Calciorthid) (Breckenfeld et
al., 1995, unpublished soil survey). The distribution of
soils and surface armoring has since been studied in
greater detail (Canfield et al., 2001), as has soil erodi-
bility (Canfield, 1998).

METHODS

The KINEROS2 Model

In recent years, distributed watershed models
based on hydrodynamic principles have successfully
been used to model runoff and sediment yield on
small plots (e.g., Lopes and Lane, 1990), and small
watersheds (Goodrich, 1990; Lopes and Lane, 1990).
Some of the more widely used process based models of
watershed hydrology are those relying on the kine-
matic wave approximation to the full dynamic equa-
tions (e.g., Woolhiser et al., 1990; Lopes and Lane,
1990; Lopes, 1995). KINEROS2 (Smith et al., 1995;
Smith and Quinton, 2000) is an update of the model
used by Blau et al. (1988) for their parameter identifi-
ability study. KINEROS2 simulates Hortonian over-
land flow, which occurs in semiarid rangeland
watersheds in the southwest, where rainfall is
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infrequent but intense, and exceeds the infiltration
rates. KINEROS2 describes variable rainfall input,
channel transmission losses, and spatial variability of
watershed characteristics (soils, slopes, vegetation,
etc.). Runoff is treated in KINEROS2 with a one-
dimensional continuity equation in both overland flow
and channel flow:  KINEROS2 has performed well in
estimating sediment yield in comparison with other
models (Smith et al., 1999).  

Sediment entrainment and transport on hillslopes
and in channels is treated in KINEROS2 as an
unsteady, convective transport phenomenon, using a
one-dimensional continuity equation,

φs(x, t) = δ(cA)/δt + δ(cQ)/δx

where φs = ∑φs = sediment flux (M/L/T), and c = sedi-
ment concentration (M/L3). A flow reach is conceptu-
alized as a string of computational elements of length
∆x, linked sequentially to one another via the mecha-
nism of flow and sediment transport. Sediment flux
on a hillslope has two independent sources, raindrop-
induced entrainment qr [M/L/T], and flow induced
entrainment qf (M/L/T). Sediment entrainment by
raindrop impact is described as

qr = Kqii2e-mh

where, Ki is a parameter describing the susceptibility
of soil particles to be detached and entrained by rain-
drop impact, i is the rainfall rate (L/T), and m is a
parameter describing the attenuation effect of flow
depth, h(L), on raindrop impact.

Flow induced entrainment rate, qf (M/L/T), repre-
sents the rate of exchange between flowing water and
the underlying soil. It can be either positive or nega-
tive. The relationship is given for particle size class (i)
as follows

qfi = Cgi(cmx(i) - cs(i))w

where Cgi is the erosion rate coefficient for particle
size class (i) (L/T), w is the width of flow (L), cmx(i) is
the sediment concentration at transport capacity for
particle size class (i) (M/L2), and cs(i) is the sediment
concentration for particle size class (i) entering the
node (M/L2). For noncohesive soils, such those occur-
ring on the Lucky Hills watershed, the erosion rate
coefficient for flowing water (Cgi) is given as the set-
tling velocity of particle size (i) divided by the
hydraulic depth (h). For cohesive soils this erosion
rate would need to be reduced.

Watershed geometry is represented in KINEROS2
as a combination of overland flow plane and channel
elements, with plane elements contributing lateral
flow to the channels or to the head of first order 

channels (Figure 1). Each plane may be described by
its unique parameters, initial conditions, and precipi-
tation inputs. Each channel element may be described
by its unique parameters as well. Channel segments
may receive uniformly distributed but time varying
lateral inflow from adjacent contributing planes on
either or both sides of the channel, or from one or two
channels at the upstream boundary, or from a plane
at the upstream boundary. Infiltration is calculated
interactively with runoff calculations to simulate
infiltration losses during recession flow, after rainfall
has ceased, or to simulate runoff advancing down an
ephemeral stream channel.

Initial Parameter Estimates

The methods used to estimate initial parameter
values are described in Lopes and Canfield (2004).
Statistical relationships between landscape form and
soil particle size were used as a basis for initial spa-
tial estimates of parameter values. The most complex
parameter file reflected the watershed complexity as
observed in the field, which comprised 312 hillslope
and channel elements (Figure 2). Antecedent soil
moisture for observed events was estimated using the
BROOK90 hydrologic model (Federer, 1995) with
parameter values selected using soil moisture data
from time domain reflectometer (TDR) moisture mea-
surements collected on the Lucky Hills watershed in
1990 and 1991. BROOK90 uses the Shuttleworth and
Wallace (1985) model for evapotranspiration and the
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(1)
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(3)

Figure 1. Plane and Channel Representation. Hillslopes in
KINEROS2 are represented as a series of cascading planes.



Clapp and Hornberger (1978) equations for describing
soil moisture movement. The model performed well in
estimating the antecedent soil moisture in the upper
15 cm (Canfield and Lopes, 2000), which was found to
be the only part of the soil horizon in which soil mois-
ture varied on a daily basis.

The Parameter Identification Process

The parameter values were identified in a two-step
process. First, parameter values for hydrology were
identified. Second, once the hydrologic parameters
were selected, the parameters for sediment were iden-
tified. Parameters were calibrated by multiplying all
elements by a single multiplier, therefore maintaining
the spatial complexity observed in the field while con-
straining the free parameter dimensional space 
(Figure 3). This approach requires that the initial
spatial estimates are reasonable, and that the true 

distributed parameter values do not display signifi-
cant nonlinear behavior that would be distorted by
multiplying all initial estimates by the same multipli-
er value.

Information on selecting multipliers for hydro-
graphs is available from Goodrich (1990) and Canfield
(1998). Figure 4 illustrates the general process used
for parameter identification. The total sum of squared
residuals (TSSR) is the objective function criteria.
The Shuffled Complex Evolution UA (SCEUA) (Duan
et al., 1992) is the search algorithm used. For hydrolo-
gy, multipliers for Manning’s n, saturated hydrologic
conductivity Ks, and the coefficient of variability of Ks
(CVks) were used as fitting parameters. For sediment,
two multipliers were used to estimate the relative
contributions of sediment entrainment by raindrop
impact and sediment entrainment by flowing water.
The multiplier for raindrop induced sediment entrain-
ment is

qr = MSp*Kii2e-mh

where MSp is the multiplier for raindrop induced sed-
iment entrainment, and all remaining symbols are as 
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Figure 2. Partitioning of the Lucky Hills Watershed Into 312
Different Plane and Channel Elements for Use in the
KINEROS2 Hydrologic Model. The partitioning was

done using the TOPAZ DEM Processing Program
(Garbrecht and Campbell, 1997), and reflects
the channel complexity identified in the field.

Figure 3. Example of the Use of Multipliers
for Parameter Estimation.

(4)



described in Equation (2). This description implies
that a new value of Ki (e.g., Ki’) is simply a linear
multiple of the original Ki. The multiplier for sedi-
ment entrainment by flowing water is

qfi = Cgi (MTC*cmx(i) - cs(i))w

where MTC is a multiplier on sediment concentration
determined by transport capacity, and the remaining
symbols are as described in Equation (3).

Parameter Identification

Automatic parameter identification used the Shuf-
fled Complex Evolution UA (SCEUA) search algo-
rithm (Duan et al., 1992).  Essentially, this is a search
algorithm that is an extension of the simplex method
(Nelder and Mead, 1965). In the simplex method,
error between predicted and observed values is calcu-
lated at n +1 different parameter combinations,
where n is the number of parameters. For example,
for the two multipliers used here, error would be cal-
culated at three points in the two-dimensional space
defined by the range of possible multiplier values.
Three points in a two-dimensional space provides the
search algorithm with enough information to deter-
mine which direction to move to reduce the error
between observed and predicted response. The 
simplex can expand or contract in an effort to find the 
minimal error between observed and predicted model 
response. The SCEUA uses multiple simplexes, and

after several search steps, the points in the simplex
are shuffled with points from other simplexes. New
simplexes are formed using points from the previous
simplexes. The primary benefit to the SCEUA over
the standard simplex method is that it is better able
to find a global minimum, when there are multiple
minima in the sample space. The SCEUA has been
found to be a useful technique for complex parameter
identification problems in hydrology (Eckhardt and
Arnold, 2001).

For both runoff and sediment, the observed value
for each measured time was compared with the simu-
lated value for that time. In this way, the full hydro-
graph or sedigraph was fit, rather than by simply
optimizing, for peak or volume. The sum of squared
residuals and the Nash and Suttcliffe (1970) model
efficiency were used as objective functions. The TSSR
objective function required fewer shuffling loops to
find the optimum parameter set than did the Nash
and Suttcliffe (1970) objective function, and was,
therefore, selected for this study.

Generation of Synthetic Data

To determine whether model parameters are iden-
tifiable in the presence of error free data, it is helpful
to assess the identification process with computer
generated data. This process was conducted in two
steps. In the first step, a series of synthetic sedi-
graphs was produced using the model and a set of
preselected initial parameter values. In the second
step, the optimization process was implemented with
the model to find the original parameter set for the
sediment concentration data. In this experiment, if
the optimization procedure is unable to identify the
original parameter set, the parameter identifiability
problem is linked to model error, not to data errors.
The rainfall characteristics of the events used to pro-
duce synthetic sedigraphs are summarized in Table 1.

All events were simulated using a one-minute time
step. For generating synthetic sedigraphs, the value
for each minute of the simulation was used. When
simulated data were used to determine the effect of
sampling frequency on parameter identification, only
every third minute of the simulated sedigraph was
used, because the observed sedigraphs from the
Lucky Hills watershed were sampled only every third
minute.

Parameter Identification and Observed Data Sets

Six events with sediment, rainfall, and hydrograph
observations were available from the 1980s on the
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(5)

Figure 4. The Method for Parameter Identification Used in This
Study. TSSR refers to the total sum of squared residuals. SCEUA
refers to the Shuffled Complex Evolution UA (Duan et al., 1992).



Lucky Hills watershed. The hydrograph and sedi-
graph data came from a total load automatic travers-
ing slot sediment sampler in a supercritical flume
(Renard et al., 1986). Events are available prior to
this time, but a total load sampler had not been
installed. Other sediment data were available from
the 1990s, but they have not been subject to sufficient
quality control and therefore were not used for this
study.

Because the clocks on the rain gauges and flumes
were analog and not highly precise, the starting times
of the rainfall and runoff might not be known precise-
ly. For this reason, the objective function was calculat-
ed by shifting the hydrograph forward and back-
ward in time from three to seven minutes from the 
estimated time to peak. Therefore, if Manning's n
changed, for example, and the peak shifted in time 

slightly, the optimization function would still find the
best fit.

RESULTS AND DISCUSSION

Findings From Synthetic Data Studies

We found that for the majority of smaller events,
the relative contributions of sediment entrainment by
raindrop impact and flowing water cannot be deter-
mined. Figure 5 shows the error response surface for
a typical event. Contour values are TSSR, which have
been normalized to the mean for the error response.
The multiplier values used to produce the sedigraph
are MSp = 1 and MTC = 1, which is the true mini-
mum.
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TABLE 1. Summary of Rainfall Events Used to Generate Synthetic
Sedigraphs for Testing Parameter Identifiability.

Maximum Maximum Return Identifiable Event
Depth 10-Minute 60-Minute Period Error Data

Date (mm) (mm) (mm) (yr) Response Available

July, 17, 1975 72.7 21.6 56.4 17.5 X

August 12, 1990 52.9 21.3 38.2 11.7 X

August 10, 1986 39.4 16.8 35.7 8.8 X

August 18, 1996 40.9 14.2 33.9 7.0

August 2, 1991 38.6 22.4 33.3 5.8 X

July 27, 1973 39.9 16.3 32.3 5.0 X

September 8, 1970 36.6 14.2 31.8 4.4 X

September 1, 1984 32.8 16.0 30.9 3.9 X

August 13, 1965 39.4 17.9 29.6 3.5

July 29, 1992 30.2 17.8 28.7 3.2

August 10, 1971 27.4 16.6 26.6 2.9

August 6, 1988 26.9 17.4 26.4 2.7 X X

August 25, 1994 28.7 18.0 25.2 2.5

June 6, 1972 29.0 11.6 24.3 2.3 X

July 25, 1978 27.7 14.2 23.9 2.2

September 10, 1983 26.7 13.7 23.4 2.1 X

July 30, 1985 25.7 13.1 22.1 1.9 X

July 19, 1974 26.4 9.3 19.3 1.7

September 26, 1877 53.9 8.4 17.5 1.5

July 29, 1987 32.5 8.2 14.8 1.1

September 11, 1982 23.4 8.9 18.7 ~1.6 X

September 20, 1983 18.5 8.0 18.3 ~1.6 X

August 25, 1984 12.5 8.4 12.5 <1 X

WEPP Wet 30.0 10.0 30.0 ~3.8

Note: The return period is based on ranking the annual series 60-minute, rainfall depth. In general, the events with identifiable error 
response surfaces have greater than two-year, 60-minute, return period, and greater than 10 mm falling in 10 minutes.



Note that in this event, there is an elongated mini-
mum. This indicates that the relative contributions of
sediment entrainment by raindrop impact and flow-
ing water will be difficult to determine, because very
little difference exists between observed and simulat-
ed sediment yield for a simulation that increases rain-
drop induced entrainment by a factor of 1.58 and
entrainment by transport capacity by 0.43, and one
that increases raindrop induced entrainment by a fac-
tor of 0.57 and entrainment by transport capacity by
2.6. This response reinforces the findings of many pre-
vious studies of parameter identifiability of sediment
yield modeling (Lopes, 1987; Blau et al., 1988; Freed-
man, 1998; Rojas and Woolhiser, 2000), which con-
cluded that it was impossible to obtain unique values
of sediment entrainment parameters for raindrop
impact and flowing water. The fact that the response
surface tends to be elongated more parallel to the ver-
tical (concentration determined by transport capacity)
axis indicates that these events are more sensitive to
raindrop induced entrainment (i.e., a small difference
in sediment entrainment by raindrop impact con-
tributes more to sediment yield than a small differ-
ence in sediment entrained by transport capacity).

In contrast, for larger events, such as the August 6,
1988, rainfall event, a unique minimum can be
observed, indicating that the relative contributions of
sediment entrainment by raindrop impact and
flowing water can be identified (Figure 6). The multi-
plier values used to produce the sedigraph are MSp =
1 and MTC = 1, and the only minimum on this surface

occurs at this point on the error response surface.
This indicates that this event has identifiable param-
eter characteristics. In general, identifiable rainfall
events had a 60-minute duration with a return period
greater than two years, and an intense rainfall period
within the event that produced at least 10 mm of rain
in 10 minutes. It is worth noting that a typical rain-
fall simulator event, WEPP (Elliot et al., 1990) wet
run, for instance, does not produce an identifiable
error response surface when used to produce a syn-
thetic sedigraph on this watershed. Though a WEPP
wet run event would be greater than a two-year
return period and does have 10 mm of rainfall in 10
minutes (Table 1), it does not contain an intense por-
tion in that rainfall. This results in hydrographs and
sedigraphs without the intense peak needed to limit
the range of possible multiplier values. This finding is
consistent with a previous study using synthetic data
that also concluded that only larger events have iden-
tifiable characteristics (Rojas and Woolhiser, 2000).

The Effect of Sampling Frequency on Parameter
Identifiability 

While all parameter identification studies with
synthetic data had a sampling frequency of one obser-
vation per minute, sediment data from actual sam-
plers may not be collected on this frequency. On the
Lucky Hills watershed, for example, samples are col-
lected every three minutes once the sampler has been
activated at a specified flow depth. It was found, how-
ever, that parameter values for raindrop induced and
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Figure 5. An Error Response Surface for a Poorly Identifiable
Parameter Case. Contour values are Total Sum of Squared

Residuals (TSSR), which have been normalized
to the mean for the error response.

igure 6. An Error Response Surface for an Identifiable Parameter
Case. Contour values are Total Sum of Squared Residuals

(TSSR), which have been normalized to the mean
of the error response surface.



flow induced entrainment continued to be unique
with the three-minute sampling frequency for most of
the events. However, for the largest event used (July
17, 1975), a second minima occurred in the region of
higher entrainment by flowing water. Figure 7a
shows the response surface generated from synthetic
data with values taken each minute. Figure 7b shows
the error response surface when synthetic data are
available only once every three minutes. The true
minimum still exists, but there is a region of alterna-
tive minima with the multiplier on concentration
determined by transport capacity (MTC) of about 3,
and the multiplier on raindrop impact (MSp) any-
where from 0.1 to 1. Because this region is essentially
parallel to the raindrop impact entrainment multipli-
er (MSp), it indicates that the sediment yield
response of this event is relatively insensitive to sedi-
ment entrainment by raindrop impact. The interpre-
tation is that for some larger events, the effect of
entrainment by flowing water dominates sediment
contribution from entrainment by raindrop impact, so
that the contribution from raindrop impact is insignif-
icant relative to the contribution from flowing water.

Examination of the error response surface for dif-
ferent events shows that larger events with approxi-
mately two-year, 60-minute return periods, for which
both sediment contributions from raindrop impact
and flowing water are sufficiently important, produce
an identifiable response surface. These events do not
display the sensitivity to raindrop impact entrain-
ment that smaller events exhibit, nor do they display
the insensitivity of larger events to sediment contri-
butions from raindrop impact.

Findings From Actual Event Data Studies

There was very little error between observed and
simulated hydrographs for the six events studied. All
simulations had model efficiencies (Nash and Sut-
cliffe, 1970) in excess of 0.93 (Table 2). Figure 8 shows
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Figure 7. Error Response Surface for a Large Event
Comparing the Effect of Sampling Frequency on
Parameter Identification. (a) Sedigraph data at

one-minute intervals. (b) Sedigraph data at three-
minute intervals. Contour values are in TSSR.

TABLE 2. Summary of Rainfall and Runoff Characteristics of Observed Events Used for Parameter Identification.

Rainfall Volume Peak Discharge Model Efficiency
Date (mm) (mm) (mm/hr) Nash-Suttcliffe

July 30, 1985 24.4 3.5 18.7 0.98

August 6, 1988 25.3 5.5 29.4 0.99

August 25, 1984 12.4 1.8 12.0 0.95

September 10, 1983 26.9 3.9 19.7 0.97

September 11, 1982 24.0 7.9 35.9 0.98

September 20, 1983 18.1 2.2 16.3 0.93



the simulation for the lowest model efficiency. Note
that since the fit is still 0.93, all the hydrograph simu-
lations with better model efficiencies fit the data bet-
ter than this and there is little difference between
observed and simulated hydrographs for these six
events.

For the sedigraphs, one event displayed identifi-
able characteristics (August 6, 1988), which was the
event that produced the most sediment of the events
used in this study.  With the sum of squared residu-
als, the larger events tend to dominate the determina-
tion of error more than do the smaller events. The
error response surface for the six events is dominated
by that of August 6, 1988 (Figure 9).  The multiplier
for raindrop impact (MSp) is 2.1 and the multiplier
for concentration determined by transport capacity
(MTC) is 2.75. A factor of two increase in raindrop
impact is reasonable considering that raindrop impact
entrainment coefficients can vary by an order of mag-
nitude using the infiltration based estimates used to
parameterize the raindrop impact component of the
model (Ben-Hur and Agassi, 1997). Likewise, sedi-
ment concentrations from different total load relation-
ships with the same data sets can vary by more than
an order of magnitude (Julien, 1998, p. 220). There-
fore, increasing sediment concentration by nearly
three to fit the data set is reasonable.

While the August 6, 1988, event dominated the
search process, the parameter values also produced
good simulations for the other events. Figure 10a
shows the simulation for the August 6, 1988, event,
which had the best simulated sedigraph. Figure 10b
shows the worst simulation for the observed events 

(September 11, 1982). However, a Nash and Suttcliffe
coefficient of 0.51 still indicates little error between
simulated and observed sedigraph values (Figure
10b). Table 3 summarizes the findings of the sedi-
graph fits.

These results represent an advance in the under-
standing of parameter identification problems in pro-
cess based runoff and erosion modeling by indicating
the possible conditions in which differentiation
between sediment entrainment by raindrop impact
and flowing water might be possible. Because for most
events it is impossible to find unique values for rain-
drop induced and flow induced entrainment parame-
ters, without a simulation such as the August 6, 1988,
event, it would be impossible to determine the rela-
tive sediment contributions from raindrop impact and
flowing water for these events. The fact that the
observed and simulated sediment yield values are sat-
isfactory for all events suggests that these are reason-
able multiplier values, even for events for which
unique multipliers cannot be found. While these
parameters are effective, they should not be consid-
ered optimal. Because of the variability of hydrologic
response, the limitations in our knowledge of the
inputs and outputs, and the limitations of the model,
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Figure 8. The Worst Hydrograph Used in Simulation.
This shows the result of parameter identification for
hydrologic variables (Ks, CVKs, and Manning’s n).

Figure 9. The Error Response Surface for Sedigraphs Generated
From Six Observed Events. Contour values are Total Sum

of Squared Residuals (TSSR in kg2/s2).



the concept of “optimal” does not adequately describe
the range of possible responses of the system being
modeled (Beven and Binley, 1992).

CONCLUSIONS

This study shows that for a few large events it may
be possible to determine the relative fluxes of sedi-
ment entrained by raindrop impact and flowing
water. Unique multipliers for raindrop impact (MSp)
and sediment concentration by transport capacity
(MTC) can be obtained using the KINEROS2 model
and the Shuffled Complex Evolution UA (SCEUA)
optimization algorithm with the total sum of squared
residuals (TSSR) as the objective function. However,
since these larger events have a return period of at
least two years, for most events it may be impossible
to distinguish the relative sediment contributions
from these processes. We attribute the ability to iden-
tify parameter values for these events to the capabili-
ty of these large events to entrain sediment from rills
and channels (Lopes and Canfield, 2004).

Even for large events, however, we found that mul-
tiple good fits (minima) are possible if the sedigraphs
do not have a sufficiently high sampling frequency.
We noted, for instance, that the sampling frequency of
every three minutes used on the Lucky Hills water-
shed might be inadequate for identifying parameter
values. This results in a window of events that are
sufficiently intense to entrain sediment stored in
channels and rills, but not so intense that entrain-
ment from the rills and channels overwhelms the con-
tributions from hillslopes as occurred for the July 17,
1975, event (Figure 7b).

For six observed events, a reasonable set of multi-
pliers for raindrop impact (MSp) and sediment con-
centration determined by transport capacity (MTC)
produced good simulations of sediment yield for the
observed data. The multipliers obtained from the
parameter identification process for these events were
dominated by the behavior of the single large identifi-
able event (August 6, 1988). However, the set of mul-
tiplier values also produced little error between the
observed and simulated sedigraphs for the remaining
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TABLE 3. Characteristics of Sedigraphs Used for Parameter Identification and KINEROS2 Model Efficiencies.

Peak Peak Sediment
Rainfall Discharge Discharge Model Efficiency

Date (mm) (mm/hr) (Kg/s) Nash-Suttcliffe

July 30, 1985 24.4 18.7 1.72 0.71

August 6, 1988 25.3 29.4 6.14 0.96

August 25, 1984 12.4 12.0 2.13 0.56

September 10, 1983 26.9 19.7 1.55 0.86

September 11, 1982 24.0 35.9 3.32 0.51

September 20, 1983 18.1 16.3 0.45 0.81

Figure 10. The Best and Worst Simulated Sedigraph.
(a) The best simulated sedigraph produced by the

August 6, 1988, event. (b) The worst simulated
sedigraph produced by the September 11, 1982, event.

(b)

(a)



five events, which suggests that they are both reason-
able and physically realistic.

For researchers attempting to model sediment
entrainment on small watersheds, it is recommended
that they consider the intensity of the events to be
modeled, for it appears that sediment entrainment in
smaller events tends to be dominated by raindrop
impact. Furthermore, for very large events, the capa-
bility of the flow to entrain sediment from rills and
channels may cause the parameter identification
method to underestimate sediment entrainment by
raindrop impact on hillslopes. Therefore, only larger
events that have significant contributions from both
raindrop impact and flowing water have the potential
to have their parameters properly identified.

Finally, despite the fact that unique parameters
could be identified, and simulations were satisfactory
when compared with observed hydrographs and sedi-
graphs, this study suffers the shortcomings of a single
calibration point (i.e., flume). Additional spatial sam-
pling points (flumes) would improve the capability of
the model to describe what actually occurs in the
field, as would more frequent sampling of the sedi-
ment during an event.

ACKNOWLEDGMENTS

The authors would like to thank the USDA-ARS for the Lucky
Hills data. David Goodrich and Carl Unkrich  provided advice on
the use and parameterization of the KINEROS2 model, and Hoshin
Gupta provided the SCEUA computer program and advised on its
use. The authors also would like to acknowledge Leonard Lane for
many helpful discussions on parameter identifiability in sediment
yield modeling.  Furthermore, Dale Fox and David Grow provided
critical review of the manuscript prior to submission.

LITERATURE CITED

Ben-Hur, M. and M. Agassi, 1997. Predicting Interrill Erodibility
Factor From Measured Infiltration. Water Resources Research
33(10):2409-2415.

Beven, K. and A.M. Binley, 1992. The Future of Distributed Models:
Model Calibration and Uncertainty Predictions. Hydrological
Processes 6:279-298.

Blau, J.B., D.A. Woolhiser, and L.J. Lane, 1988. Identification of
Erosion Model Parameters. Transactions of the American Soci-
ety of Agricultural Engineers 31:839-845.

Canfield, H.E., 1998. Use of Geomorphic Indicators in Parameteriz-
ing an Event-Based Sediment-Yield Model. Ph.D. Thesis, Agri-
cultural and Biosystems Engineering, University of Arizona,
Tucson, Arizona, 296 pp.

Canfield, H.E. and V.L. Lopes, 2000, Simulating Soil Moisture
Change in a Semiarid Rangeland Watershed With a Process-
Based Water-Balance Model. In: Proceedings of the Conference
on Land Stewardship in the 21st Century: The Contributions of
Watershed Management, P. Ffolliott and Malchus B. Baker, Jr.
(Editors). U.S. Forest Service Rocky Mountain Research Station,
Ft. Collins, Colorado, RMRS P-13:316-320

Canfield, H.E., V.L. Lopes, and D.C. Goodrich, 2001. Hillslope
Characteristics and Particle Size Composition of  Surficial
Armoring on a Semi-Arid Watershed in the Southwestern Unit-
ed States. Catena 44:1-11.

Clapp, R.B. and G.M. Hornberger, 1978. Empirical Equations for
Some Soil Hydraulic Properties. Water Resources Research
14(4):601-604.

Duan, Q., S. Sorooshian, and V.K. Gupta, 1992. Effective and Effi-
cient Gobal Optimization for Conceptual Rainfall-Runoff Mod-
els. Water Resources Research 28(4):1015-1031

Eckhardt, K. and J.G. Arnold, 2001. Automatic Calibration of a
Distributed Catchment Model. Journal of Hydrology 251:103-
109

Elliot, W.J., A.M. Liebenow, J.M. Laflen, and K.D. Kohl, 1990. Com-
pendium of Soil Erodibility Data From WEPP Cropland Field
Erodibility Experiments 1987 and 1988. NSERL Report No. 3,
National Soil Erosion Research Laboratory, West Lafayette,
Indiana.

Federer, C.A., 1995. BROOK90. A Simulation Model for Evapora-
tion, Soil Water, and Streamflow. Version 3.1 Computer Free-
ward and Documentation. USDA Forest Service, Durham, New
Hampshire.

Freedman, V.L., V.L. Lopes, and M. Hernandez, 1998. Parameter
Identifiability for Catchment-Scale Erosion Modeling: A Com-
parison of Optimization Algorithms. Journal of Hydrology
207:83-97.

Freedman, V.L., V.L. Lopes, and M. Hernandez, 2001. Parameter
Identifiability for Three Sediment Entrainment Equations.
Journal of Irrigation and Drainage Engineering 127(2):92-99.

Garbrecht, J and J. Campbell, 1997. TOPAZ V1.2: An Automated
Digital Landscape Analysis Tool for Topographic Evaluation,
Drainage Identification, Watershed Segmentation and Sub-
catchment Parameterization. Report GRL #97-4, USDA-ARS
Grazinglands Research Laboratory, El Reno, Oklahoma.

Goodrich, D.C., 1990. Geometric Simplification of a Distributed
Rainfall-Runoff Model Over a Range of Basin Scales. Ph.D. Dis-
sertation, Technical Reports NO. HWR 91-010, Hydrology
Department, University of Arizona, Tucson, Arizona, 361 pp.

Hawkins, R.H., V.L. Lopes, R.A. Parker, and M.A. Weltz, 1991.
Effects of Global Climate Change on Erosion Stability in Arid
Environments Using WEPP. U.S. Geological Survey Open File
Report 91-224, USGS, Reston, Virginia, pp. 85-91.

Jensen, K.H. and A. Mantoglou, 1992. Future of Distributed Model-
ing. Hydrological Processes 6:255-264.

Jetten, V., A. Roo, and D. Favis-Mortlock, 1999. Evaluation of Field-
Scale and Catchment-Scale Soil Erosion Models. Catena 37:521-
541.

Julien, P.Y., 1998. Erosion and Sedimentation. Cambridge Universi-
ty Press, New York, New York.

Laguna, A. and J.V. Girardez,1993. A Kinematic Wave Model of
Erosion. Journal of Hydrology 145:65-83.

Lane, L.J., G.R. Foster, and A.D. Nicks, 1987. Use of Fundamental
Erosion Mechanics in Erosion Prediction. Paper No. 87-2540,
ASAE, St. Joseph, Michigan.

Lopes, V.L., 1987. A Numerical Model of Watershed Erosion and
Sediment Yield. Ph.D. Dissertation, School of Renewable Natu-
ral Resources. University of Arizona, Tucson, Arizona, 148 pp.

Lopes, V.L., 1995. CHDM – Catchment Hydrology Distributed
Model. ASCE Watershed Management Symposium. ASCE, San
Antonio, Texas, pp. 144-154.

Lopes, V.L. and H.E. Canfield, 2004. Effects of Watershed Repre-
sentation on Runoff and Sediment Yield Modeling. Journal of
the American Water Resources Association (JAWRA) 40(2):311-
319.

Lopes, V.L. and L.J. Lane, 1990. Simulating Runoff and Sediment
Yield on Semiarid Watersheds. In: ASCE National Symposium
on Watershed Management. Durango, Colorado, pp. 174-183.

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION 331 JAWRA

PARAMETER IDENTIFICATION IN A TWO-MULTIPLIER SEDIMENT YIELD MODEL



Nash, J.E. and J.V. Sutcliffe, 1970. River Flow Forecasting Through
Conceptual Models, I. A Discussion of Principles. Journal of
Hydrology 10:282-290.

Nearing, M.A., L.J. Lane, and V.L. Lopes, 1994. Modeling Soil Ero-
sion. In: Soil Erosion Research Methods (Second Edition), R. Lal
(Editor). Soil and Water Conservation Society, Ankeny, Iowa, pp.
127-156.

Nearing, M.A., D.I. Page, J.R. Simaton, and L.J. Lane, 1989. Deter-
mining Erodibility Parameters From Rangeland Field Data for a
Process-Based Erosion Model. Transactions of the ASAE
32(3):919-924

Nelder, J.A. and R. Mead, 1965. A Simplex Method for Function
Minimization. The Computer Journal 7(4):308-313.

Renard, K.G., J.R. Simaton, and C.E. Fancher, 1986. Small Water-
shed Automatic Water Quality Sampler. In: Proceedings of the
Fourth Federal Interagency Sedimentation Conference, Vol 1,
pp 51-58.

Rojas, R. and D.A. Woolhiser, 2000. Erosion Parameter Identifiabil-
ity in the KINEROS Model. In: Proceedings of the Debris Flow
and Disaster of December 1999 in Venezuela, Dynamics of
Debris Flow Section. Universidad Central de Venezuela, Cara-
cas, Venezuela (CD Rom).

Shuttleworth, W.J. and J.S. Wallace, 1985. Evaporation From
Sparse Crops – An Energy Combination Theory. Quarterly Jour-
nal of the Royal Meteorological Society 111:839-855.

Smith, R.E., D.C. Goodrich, and C.L. Unkrich, 1999. Simulation of
Selected Events on the Catsop Catchment by KINEROS2 – A
Report For the GCTE Conference on Catchment Scale Erosion
Models. Catena 37:457-475

Smith, R.E., D.C. Goodrich, D.A. Woolhiser, and C.L. Unkrich,
1995. KINEROS – A Kinematic Runoff and Erosion Model.
Chapter 20: Computer Models of Watershed Hydrology, V.J.
Singh (Editor). Water Resources Publications, pp. 697-632.

Smith, R.E. and J.N. Quinton, 2000. Dynamics and Scale in Simu-
lating Erosion by Water. In: Soil Erosion: Application of Physi-
cally Based Models, J. Schmidt (Editor). Springer-Verlag,
Berlin, Germany, pp.283-294.

Wicks, J.M. and J.C. Bathurst, 1996. SHESED: A Physically-Based,
Distributed Erosion and Sediment Yield Component for the
SHE Hydrological Modeling System. Journal of Hydrology
175:213-238

Wicks, J.M., J.C. Bathurst, and C.W. Johnson, 1992. Calibrating
the SHE Soil-Erosion Model for Different Land Covers. ASCE
Journal of the Irrigation and Drainage Engineering 118(5):708-
723.

Woolhiser, D.A., R.E. Smith, and D.C. Goodrich,  1990. A Kinematic
Runoff and Erosion Model: Documentation and User Manual.
Report No. 77, U.S. Department of Agriculture Agricultural
Research Service, 130 pp.

JAWRA 332 JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

CANFIELD AND LOPES


